The Volta phase plate is a recently developed electron cryo-microscopy (cryo-EM) device that enables contrast enhancement of biological samples. Here we have evaluated the potential of combining phaseplate imaging and single particle analysis to determine the structure of a small protein-DNA complex. To test the method, we made use of a 200 kDa Nucleosome Core Particle (NCP) reconstituted with 601 DNA for which a high-resolution X-ray crystal structure is known. We find that the phase plate provides a significant contrast enhancement that permits individual NCPs and DNA to be clearly identified in amorphous ice. The refined structure from 26,060 particles has an overall resolution of 3.9Å and the density map exhibits structural features consistent with the estimated resolution, including clear density for amino acid side chains and DNA features such as the phosphate backbone. Our results demonstrate that phase-plate cryo-EM promises to become an important method to determine novel near-atomic resolution structures of small and challenging samples, such as nucleosomes in complex with nucleosomebinding factors.
INTRODUCTION
Single particle electron cryo-microscopy (cryo-EM) is a powerful technique for structure determination of isolated macromolecular complexes at near-atomic resolution. Several important developments have contributed to the recent 'resolution revolution' in cryo-EM, including direct electron detection, correction of beam-induced motion, as well as improved classification and 3D reconstruction procedures (1) (2) (3) . The technique is particularly suitable for structure determination of large and flexible macromolecular complexes. Therefore, cryo-EM can potentially be used for highresolution structural analysis of nucleosomes reconstituted in complex with chromatin-binding factors for which we have no or limited structural information. However, the nucleosome is a challenging target compared to proteins routinely analysed in cryo-EM due to several reasons. First, nucleosomes are small (200 kDa), which can be problematic to detect (particle picking), align and structurally analyze (4) . Second, excess DNA is required to prevent chromatin aggregation, resulting in a reduced contrast difference between particles and the surrounding ice. Third, certain orientations of the nucleosomes are difficult to detect, even in micrographs recorded at high defocus, resulting in systematic loss of data and resolution. Therefore, interpretation of EM density and particle picking is problematic.
Biological samples are weak-phase and radiationsensitive objects (2, 5) . The most common approach to generate contrast in cryo-EM is to record images out of focus (defocus by 1-3 m), which is referred to as bright field phase contrast EM. An alternative technique is to utilize phase plate EM (6) . The principle is similar to phase contrast imaging in light microscopy with a Zernike phase plate. In a Transmission Electron Microscope (TEM), the phase plate is positioned in the back focal plane of the objective lens, introducing a phase shift between the scattered and un-scattered electron waves. The advantage of phase plate imaging over bright field phase contrast imaging is that it maintains low-resolution frequencies without zeros or phase-flipping effects in the Contrast Transfer Function (CTF). Therefore, small particles can be detected and analysed without CTF correction. This was demonstrated in a recent phase-plate cryo-EM recon-struction of the peroxiredoxin-3 dodecamers (257 kDa) (7), obtained to a resolution of 4.4Å, sufficient to resolve individual beta-strands but not amino acid side chains.
Here, we have used the 200 kDa Nucleosome Core Particle (NCP) as a test specimen for imaging protein-DNA complexes by phase-plate cryo-EM. The NCP is a subcomplex of the nucleosome, the repeating unit of eukaryotic chromatin. It consists of core histones (two copies each of histone proteins H2A, H2B, H3 and H4) and 145 base pairs of DNA (8) . Early EM and X-ray crystallographic analysis of nucleosomes revealed that DNA is wrapped around the core histones in left-handed superhelical turns, forming a disk shaped particle 101×57Å in diameter (9) (10) (11) . Subsequent high-resolution X-ray crystallographic analysis at 2.8 A (12) and 1.9Å (13) revealed, in atomic detail, the organization of core histone proteins and DNA. We show here that cryo-EM images recorded with a Volta phase plate (14) can be used to reconstruct a 3.9Å map of the NCP, to which an atomic model can be built.
MATERIALS AND METHODS
NCPs were reconstituted as described previously (15) using recombinant Xenopus laevis histones and 145 base pairs of 601 DNA. Briefly, histones and DNA were mixed in 20 mM HEPES pH 7.5, 1 mM EDTA, 1 mM DTT and 2 M KCl, and then dialyzed against a gradient of decreasing salt at room temperature over 16 h. The final dialysis was carried out using a no-salt buffer. The reconstitution was analysed on a 6% native polyacrylamide gel, after which the NCP sample was concentrated using an Amicon 10 kDa cut-off concentrator (Supplementary Figure S1 ). Grids were prepared using freshly glow-discharged holey carbon grids (Quantifoil R2/2 and R1/4), 3-4 l of sample per grid, 3-4 s blotting time, liquid ethane/propane and a Vitrobot (FEI) plunge-freezer. The concentration of NCP used was 1.0 mg/ml for R2/2 grids and 2.5 mg/ml for R1/4 grids.
Electron micrographs shown in Supplementary Figures S2 and S3 were recorded on a Tecnai Arctica (FEI) at 200 kV with a Falcon2 direct electron detector (FEI). Electron micrographs shown in Figure 1 were recorded on Titan Krios (FEI) at 300 kV with a K2 Summit (Gatan) direct electron detector in counting mode. The Volta phase plate (FEI) was used on both microscopes. Data was collected in nanoprobe mode and parallel illumination. The Krios microscope settings, pixel size and image processing statistics used for high-resolution refinements are listed in Table  1 . Focusing and conditioning of the phase plate was done manually on the Arctica (using stage shift to move from carbon to exposure regions). Focusing was done automatically on the Krios with SerialEM (16), using multiple focus regions (repeated three times on two sides of the exposure area). The phase plate position and astigmatism were changed and corrected manually on both microscopes. A total of 20-60 images were collected at each phase plate position on the Krios. Bad images, such as images recorded out of focus, were removed by manual inspection. Pixel outliers were removed using the clip function in Imod (17) .
Frames were aligned and integrated using the unblursummovie software (18) without applying dose weighting.
Particles were picked semi-automatically in EMAN2 (19) and then extracted and processed in RELION 1.3 (20) . The particles were sorted by 2D and 3D classification, as well as by Z-score, from which the best 26,060 particles were selected for high-resolution 3D refinement. A total of 12,309 particles did not have a high alignment score, which may be due to image quality or structural heterogeneity. The 2D class sums shown in Figure 1B were calculated using particles binned by a factor of 2. The 3D refinement was done without binning to keep high-resolution information. A density map of the NCP, filtered to 80Å resolution, was used as a starting model and C2 symmetry was applied to the refinement. The data was processed without CTF correction. Particle polishing significantly improved the Bfactor (Table 1 ) and overall appearance of the map. The resolution was estimated using Fourier Shell Correlation (FSC=0.143, gold-standard). A comparison of the FSC curves of the EM map and randomized phases is shown in Figure 2A . The local resolution of the map was determined in ResMap (21) . The micrographs shown in Figure  1A and C, and Supplementary Figure S2 were bandpass filtered with ImageJ (22) for clarity. The bandpass filter was set to remove information below 4Å and above 500Å. Supplementary Figure S3 shows field views (raw micrographs) without bandpass filtering. The NCP-601 model (PDB ID 3LZ0) was docked into the map and visualized in UCSF Chimera (23) . As a final step, the NCP-601 model was refined using phenix.real space refine (24) .
RESULTS

Phase-plate cryo-EM analysis of the nucleosome core particle and DNA
To obtain a homogenous and stable NCP sample suitable for high-resolution cryo-EM analysis we made use of a sequence, called Widom 601, that uniquely positions DNA on the histone octamer (25) . Recombinant Xenopus laevis histones (H2A, H2B, H3 and H4) were used for NCP reconstitution by salt gradient dialysis as described in Materials and Methods. In our experience, excess DNA improves solubility of chromatin and can be beneficial to capture NCPs in ice. To obtain a good particle concentration for cryo-EM, we tested different NCP concentrations and different support grids. We obtained a good particle concentration using either 1.0 mg/ml and R2/2 EM grids, or 2.5 mg/ml and R1/4 EM grids. Next we recorded cryo-EM images of the NCP with and without the Volta phase plate. The phase plate increased contrast of NCPs in ice dramatically ( Supplementary Figures S2 and S3 ). This contrast enhancement was particularly valuable for detecting lowcontrast disk views of the NCP. As a control, we repeated the experiment using 601 DNA alone ( Supplementary Figure S2C and D) . As expected, individual strands with the expected dimensions of double-stranded DNA were observed. We concluded that phase plate imaging provides a marked contrast enhancement of NCPs and free DNA in cryo-EM.
Theoretical and experimental measurements have shown that 300 kV and 20 nm focus accuracy is required for highresolution single particle analysis with the Volta phase plate, as demonstrated on the 20S proteasome (26) . At 200 kV, the phase shift builds up faster resulting in fewer images that can be recorded per phase plate position. Therefore, we collected a NCP phase plate data set on a 300 kV Krios TEM using multiple focus regions in SerialEM (16) as described in Materials and Methods. A total of 20-60 images were recorded at each phase plate position. A change of phase plate position and correction of astigmatism was carried out manually every 1-2 h. Using this approach, we obtained 525 phase plate images, 445 of which were in focus as judged by visual inspection of images and power spectra.
3.9Å structure of the nucleosome core particle Figure 1A shows a representative phase-plate cryo-EM image recorded in focus, with a good particle distribution and strong contrast of individual NCPs in vitrified ice. NCPs can be clearly recognized in different orientations (representative views encircled in Figure 1A ), which we interpret as disk, tilted, and side views, based on structural information of the NCP from previous X-ray crystallographic studies. High-resolution details such as the DNA dyad, major and minor DNA grooves and histone alpha helices can be seen in the calculated 2D class averages ( Figure 1B ). Excess DNA can also be clearly identified, which had the appearance of bent or straight DNA strands (highlighted with arrows in Figure 1C ). For 3D structure determination, we processed a stack containing 38,409 NCPs by single particle analysis in RELION (20) . After 2D and 3D classification, the best 26,060 particles were selected for high-resolution refinement as described in Materials and Methods. Image processing statistics and results are presented in Table 1 and Figure 2 . The NCP structure was calculated using C2 symmetry, corresponding to 52,120 asymmetric units, without applying CTF correction. We obtained a resolution of 3.87 A and a B-factor of −78.96Å 2 . Next we refined the atomic structure of the NCP-601 (PDB ID 3LZ0), previously determined by X-ray crystallography (27) , into our EM map by real space refinement in Phenix (24) . The model-to-map correlation was 0.78 (across atoms), and no outliers were detected in the Ramachandran plot (Table 1) . We concluded that a data set of less than 40,000 particles was sufficient to obtain a near-atomic structure of the NCP by phase-plate cryo-EM. Figure 3 shows a gallery of views of the 3.9Å phase-plate cryo-EM structure together with the refined atomic model. Figure 3A shows the EM density map (surface rendered in grey) with the arrangement of alpha helices in the histone core (pink) and DNA backbone (blue). Figure 3B contains close-up views of individual histone helices, illustrating that densities for large amino acid side chains can be clearly recognized. The DNA phosphate backbone can also be identified in the EM density map ( Figure 3B , middle panel), yet the resolution was insufficient to resolve the separation of individual DNA bases. Figure 2B and E shows a plot of the local resolution using separate protein and DNA masks. This analysis shows that the protein content of the NCP is better refined than the DNA, indicating that DNA is more flexible than the histone core. Next we compared the phaseplate cryo-EM structure presented here to the previously determined X-ray structure of the NCP-601 (27) . Inspection of the protein density shows a remarkable similarity between the two structures ( Figure 3B lower panel) , including a similar arrangement of the entire histone core. Only small differences in the DNA conformation at the entry and exit sites of the NCPs were detected, which may be due to crystal packing interactions or DNA breathing, whereby the DNA fluctuates spontaneously. As such, we expect the resolution to improve in future studies using larger data sets containing more particles.
DISCUSSION
The regulation of chromatin is key to the control of gene transcription, DNA replication and eukaryote development. The nucleosome is the basic structural unit of chromatin, yet how proteins interact with the nucleosome is still poorly understood. Clearly, detailed structural information is required to obtain mechanistic insight into how chromatin is regulated. Cryo-EM studies of chromatin, such as nucleosome arrays and chromatin remodelling factors (28) (29) (30) (31) , have so far been limited to large complexes and intermediate resolution (7.8-25Å). In contrast, X-ray crystallography has been used for high-resolution structure determination of small chromatin complexes, such as the NCP (9, (11) (12) (13) . There are, however, only a handful of highresolution structures determined of nucleosomes in complex with nucleosome-binding factors (32) . New technological advances in cryo-EM offer the potential to determine high-resolution structures of such challenging and structurally heterogeneous samples.
Here, we applied the recently developed Volta phase plate to determine a 3.9Å resolution structure of the NCP by single particle cryo-EM. The structure was calculated from micrographs recorded close to focus, using only 26,060 particle (52,120 asymmetric units with C2 symmetry). The structure represents one of three phase-plate cryo-EM structures determined to date. As compared to the 20S proteasome (26) (750 kDa) at 3.2Å resolution, and the peroxiredoxin-3 dodecamers (7) (257 kDa) at 4.4Å resolution, the NCP is smaller and has lower symmetry.
We show that phase-plate imaging provides a number of advantages over conventional bright field EM, and so may become an important tool in structural biology. For example, the phase plate greatly improves detection and interpretation of structure and orientation of small particles in ice. Importantly, disk view orientations of the NCP could be detected, resulting in an even distribution of views and unbiased dataset. In addition, nucleosomes can clearly be distinguished from excess DNA. Picking particles and evaluating if the sample preparation is good, containing homogenous complexes, is not straightforward in bright field EM. Typically, this can only be appreciated after processing large data sets applying class averaging and CTF correction. With phase-plate cryo-EM, there is no question as to what is a nucleosome and what is not. This reduces the risk of interpreting noise or DNA as a particle and enables faster image analysis and structure determination.
This represents, to our knowledge, the highest resolution cryo-EM structure of a chromatin complex determined to date. Our future aim is to improve the resolution by collecting larger data sets and include more particles in the refinement procedure. However, software developments, such as improved alignment procedures and change of phase plate position, will be required to fully integrate the Volta phase plate with automatic data collection software for high-throughput analysis. Obtaining high-resolution cryo-EM structures of chromatin complexes will allow us to observe this important biological object in vitreous ice where external forces caused by crystal packing do not interfere with their structure and dynamics. Furthermore, the improved contrast due to the phase plate results in clearly visible naked DNA molecules. This suggests the exciting prospect that nucleic acid structures of folded RNA and DNA molecules could be obtained using phase-plate cryo-EM.
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